The aim of this study was to examine the impact of dispersed crude oil on retinoid metabolism and signaling in developing haddock larvae (Melanogrammus aeglefinus). Retinoids and its active metabolites are involved in the regulation of several developmental processes as cell differentiation, growth and limb patterning. Thus, disruption of retinoid signaling, especially during early developmental stages, may have detrimental effects on the organism. In the present study, crude oil exposure during embryonic development and early larvae development disrupted vitamin A signaling by affecting retinoid levels and genes involved in retinoid metabolism. The disruption of retinoid signaling was also evident when looking at the gene expression pattern at several time-points during and after exposure, demonstrating the complexity and temporal factor of retinoid signaling disruption. Exposure during the embryonic period (pre-hatch) resulted in reduced eye size and increased incidence of abnormal eye morphology. The observed changes in expression of retinoid metabolic genes related to the visual cycle indicates that there is a link between the modulated retinoid levels (alltrans retinoic acid and retinol) and increased incidence of abnormal eye development as a result of crude oil exposure. This is the first study to demonstrate disrupted retinoid signaling in fish following crude oil exposure at environmental relevant levels, giving novel insight in to the mechanism of toxicity.
INTRODUCTION
Oil spills, as a consequence of offshore oil production, constitute a threat to the marine environment. The toxicity of crude oil to teleosts and its effects on natural stocks have been thoroughly documented through field and laboratory studies (Hodson, 2017) . The recent Deepwater Horizon accident in the Gulf of Mexico in spring 2010 was a strong reminder of the ecological and economical implications of uncontrolled oil discharges on natural fisheries and stocks.
The studies in the aftermath of the Exxon Valdez and the Deepwater Horizon oil spills demonstrated the teratogenic and ultimately lethal effects oil compounds can have on fish (Norcross et al., 1996; Dubansky et al., 2013; Incardona et al., 2013 Incardona et al., , 2014 The Exxon Valdez oil GRAPHICAL ABSTRACT | Crude oil induced disruption of retinoid signaling and eye development. Exposure to crude oil during embryonic development and early larvae development disrupted vitamin A signaling by affecting retinoid levels and genes involved in retinoid metabolism. The disruption of retinoid signaling could be linked to the reduction in eye size and increased incidence of abnormal eye morphology.
spill in Alaska overlapped with the spawning seasons of pink salmon (Oncorhynchus gorbuscha) and Pacific herring (Clupea pallasii). Field and laboratory studies in the aftermath of this disaster disclosed high occurrence of severe developmental abnormalities such as craniofacial deformities, spinal curvature deformities, yolk sack edema, pericardial edema and increased mortality following exposure to crude oil (Carls and Rice, 1990; Norcross et al., 1996; Carls et al., 1999; Incardona et al., 2004 Incardona et al., , 2014 Carls and Thedinga, 2010; Hicken et al., 2011) . The detrimental effects of oil exposure on cardiac function and craniofacial development was recently also demonstrated in Atlantic haddock (Melanogrammus aeglefinus) exposed to crude oil (Sorhus et al., 2016b (Sorhus et al., , 2017 . It was proposed that crude oil influence transcription related to calcium signaling, resulting in abnormal development (Sorhus et al., 2017) . Single PAH components and crude oil from various sources have been shown to interrupt ion signaling, which is linked to effects on cardiac development (Incardona et al., 2004 (Incardona et al., , 2009 Brette et al., 2014 Brette et al., , 2017 Sorhus et al., 2016b) .
In one of our previous studies we observed that exposure to crude oil modulated the expression of several genes related to vitamin A metabolism, such as cytochrome P450, family 26, subfamily A (cyp26a), retinol dehydrogenases and retinoid binding proteins in Atlantic cod (Gadus morhua) larvae (Olsvik et al., 2012) . Disturbance of vitamin A homeostasis has been observed in both fish and mammals following exposure to persistent organic pollutants (POPs) (Novák et al., 2007 (Novák et al., , 2008 and heavy metals (Alsop et al., 2007; Defo et al., 2012 ) and contaminated sediments. Vitamin A levels have thus been used as markers of contaminant exposure in environmental monitoring. However, the mechanisms behind these disturbances seem to be heterogeneous and remain to be fully elucidated. Many of the observed deformities following crude oil exposure, such as heart, limb and craniofacial deformities, coincide with malformations that may be caused by disruption of vitamin A signaling (Cahu et al., 2003; Haga et al., 2003; Laue et al., 2008; Spoorendonk et al., 2008; D'Aniello and Waxman, 2015) . Thus, knowledge on how retinoid signaling is affected by crude oil might give novel insight in to mechanisms of toxicity.
Retinoids is a generic term used for a class of compounds chemically related to vitamin A. The name also reflects its importance for retina function and eye health. The retinoids comprise the three mother compounds, retinol, retinal and retinoic acid, and all their metabolic products and isomers. However, retinol (often referred to as vitamin A) is physiologically inert and must be converted to other biological active metabolites of which all-trans retinoic acid (atRA) is regarded as the most potent. During development, retinoids are controlling patterning and limb development [reviewed by Ross et al. (2000) ]. In adult organisms, retinoids and their active metabolites are essential for normal cell homeostasis, growth, remodeling, reproduction and vision. Several studies have demonstrated that both excessive and deficient intake of vitamin A can affect development, causing severe morphological abnormalities (Azaïs-Braesco and Pascal, 2000) including heart defects (Colbert, 2002; Pan and Baker, 2007) and bone development in fish (Takeuchi et al., 1998; Mazurais et al., 2008 Mazurais et al., , 2009 .
Our knowledge on the effect of environmental contaminants on retinoid signaling and the underlying mechanisms of toxicity are mainly derived from studies using organochloride compounds such as dioxins and polychlorinated biphenyls (PCBs). However, the mechanistic effects might be compoundspecific (Widerak et al., 2006; Benisek et al., 2008; Novák et al., 2008; Benisek et al., 2011) . Aryl hydrocarbon receptor (AhR) activation followed by cytochrome P450, family 1, subfamily A (CYP1A) induction is the mode of action for several known toxic compounds such as the organochlorides and polyaromatic hydrocarbons (PAHs). This is also believed to be one of the most important factors disrupting retinoid signaling (Murphy et al., 2007; Berntssen et al., 2015) . AhR agonists have been shown to affect retinoid signaling on multiple levels in the retinol metabolic pathway. It is postulated that the activation of CYP1A, which is capable of retinoic acid hydroxylation, increases the metabolization and excretion rate of atRA. This will in turn increase the demand for atRA precursors such as retinol and retinal, and result in depletion of retinoid stores as demonstrated in adult zebrafish (Danio rerio) (Alsop et al., 2007) and Atlantic salmon (Salmo salar) (Berntssen et al., 2016) following benzo(a)pyrene (BaP) exposure. In salmon, this retinoid disruption was accompanied by reduced growth. Other routes of retinoid signaling disruption have also been suggested (Widerak et al., 2006; Benisek et al., 2008 Benisek et al., , 2011 .
The aim of this study was to examine the disruptive impact of dispersed crude oil on vitamin A metabolism and signaling in developing Atlantic haddock larvae. Atlantic haddock were exposed to crude oil during two important periods of organogenesis and growth. The first group (embryo group) was exposed during the embryonic period from 2 to 10 days postfertilization (dpf). The second group (larvae group) was exposed to crude oil from 0 to 18 days post-hatch (dph). Retinoid levels, gene expression, eye size and eye deformities were analyzed in the developing haddock larvae.
MATERIALS AND METHODS

Fish Husbandry and Exposure
For detailed procedures on fish collection and breeding, and larval maintenance and exposure, see Sorhus et al. (2016b) .
In brief, a wild broodstock population spawning voluntarily in captivity provided the eggs. Eggs were collected from the broodstock tanks and incubated in egg incubators until transfer to exposure tanks. Two days post-fertilization, eggs were transferred to 50 L circular exposure tanks. At 4 dph, the larvae were fed with natural zooplankton (van der Meeren et al., 2014; Karlsen et al., 2015) and the tanks were further supplemented with marine microalgae concentrate (Instant Algae, Nanno 3600, Reed Mariculture Inc., Campbell, CA, United States) until termination of experiments.
The crude oil used in the experiments was an artificially weathered crude oil from the Heidrun oil field in the Norwegian Sea. To generate an oil in water dispersion an oil droplet generation system described elsewhere was used (Nordtug et al., 2011) . This system generates an oil dispersion of droplets in the low µm range with a nominal oil load of 26 mg/L that again are diluted in the exposure tanks. The experimental exposure system consisted of four replicates of three treatments and control: 60 µg oil/L (Low dose), 600 µg oil/L (High dose), 600 µg oil/L for 2.4 h in a 24 h period (Pulse dose), and no oil (Control). Water Chemistry and embryo and larvae body burden of PAHs are shown in Sorhus et al. (2016b) . The oil doses correspond to water doses of PAHs from 0.7 to 7 µg/L PAH.
A schematic view of the exposure periods and sampling time points is presented (Figure 1 ). In the embryo experiment, the exposure was terminated at 10 dpf (8 days of exposure), and all surviving embryos were transferred to new tanks with seawater without crude oil. At 13 dpf, 50% hatching was observed and set to 0 dph. In the Larvae experiment, the exposure started at 0 dph, and ended at 18 dph (18 days of exposure). Haddock larvae used for retinoids were deprived of food prior to sampling. Sampling time points were chosen from different stages in development in relation to Sorhus et al. (2016a) and in relation to time of exposure and hatching. Since retinoid depletion has previously been shown to be the outcome of PAH exposure in adult fish, we collected samples for retinoid just after hatching (before start feeding) for the embryo exposure study and ca 12 h post-exposure for the larvae exposure study.
All animal experiments within the study were approved by NARA, the governmental Norwegian Animal Research Authority (http://www.fdu.no/fdu/, reference number 2012/275334-2). All methods were performed in accordance with approved guidelines.
Quantification of Retinoid Metabolites in Fish Larvae Using LC-APCI-MS/MS
Retinoid analysis was performed by VITAS AS (Norway, Oslo). Pools of about 150 Atlantic haddock larvae (about 150 mg tissue in total) were homogenized with 600 µl acetonitrile containing a C 4 labeled internal standard (C 4 -atRA) (n = 4 for all groups except Low (n = 3) and Pulse (n = 2) group from the Larvae exposure). After thorough homogenizing (30 s), centrifugation (20 min, 4000 rpm, 9 • C), some of the supernatant were transfer to an HPLC vial with insert (500 µl) and centrifuged again (20 min, 4000 rpm, 9 • C), 10 µl of the supernatant was then injected into the HPLC system ( Table 1) . HPLC was performed with a HP 1200 Liquid Chromatograph (Agilent Technologies, Palo Alta, CA, United States) with a 6460 Triple Quad LC-MS/MS detector using Multiple Reaction Monitoring (MRM). All-trans retinol, all-trans retinal, all-trans retinoic acid, 9-cis retinoic acid and 13-cis retinoic acid were separated on a 25 cm × 3 mm, 5 µm reversed phase column (Supelco, Suplex PKB-100). The column temperature was 40 • C. Four-point calibration curves were made for the respective retinoids. Table 1 shows the run parameters for HPLC and MS/MS. Due to the amount of sample material needed for the retinoid analysis we were only able to collect material from one timepoint for each of the groups. Also due to the high mortality in the High crude oil embryo group, we did not get enough material to measure the retinoid levels in this group. The larvae were sampled from replica tanks for each group.
Measurements of Eye Size and Deformities
Digital still micrographs of live larvae were obtained with an Olympus SZX-10 stereo microscope equipped with a 1.2 Mp resolution video camera (Unibrain Fire-I 785c) controlled by BTV Pro 5.4.1 software 1 . Image magnification was calibrated with a stage micrometer. Measurements of eye diameter and body length at 3 dph (embryonic exposure) and 9 dph (larval exposure) were performed using 13-cis and 9-cis 301.4→120.9
All-trans retinoic acid 301.4→120.9
Internal standard 305.4→129
to compensate for differences in size, the eye diameter was also expressed as % of standard body length. Developmental abnormalities of the eye were analyzed by observing individual differences in eye shape. Fish were registered and categorized according to four observed phenotypes: (1) no phenotype, normal round shape, (2) bend shape, (3) irregular shape, and (4) protruding lens. The number of analyzed animals FIGURE 1 | Exposure regimes and sampling points during the two experiments. Sample points are given in days post-fertilization (dpf) and days post-hatch (dph). Analysis performed are given under the sampling point.
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RNA Extraction and RNA-Seq Analysis
For detailed procedure for extraction of mRNA, RNA sequencing (RNA-seq), and bioinformatics, see previous studies (Sorhus et al., 2016a (Sorhus et al., , 2017 . In brief, pools of live embryos (15-25) and larvae (10) were inspected and imaged under microscope before snap frozen in LN2. Total RNA was isolated from the pools using Trizol reagent (Invitrogen, Carlsbad, CA, United States), followed by a DNase treatment step using TURBO DNA-free kit (Life Technologies Corporation) according to manufacturer's instructions. cDNA library preparation was performed by the Norwegian Sequencing Centre (NSC, Oslo Norway) using the Illumina TruSeq RNA sample preparation kit. Illumina HiSeq2500 platform was used to sequence the paired end libraries. The raw data are available at the Sequence Read Archive (SRA), NCBI (Accession ID: PRJNA328092). The RNA sequencing data were mapped to the coding sequences of the cod genes (Star et al., 2011) using the Bowtie aligner (Langmead et al., 2009 ) and annotated as described in Sorhus et al. (2016b) . Samtools idxstat (Li et al., 2009 ) was used to extract the number of mapped reads which were then normalized to the total number of mapped sequences.
Statistical Analysis
The retinoid levels were analyzed using a one-way ANOVA followed by Dunnett's multiple comparison test in GraphPad Prism v 7.02 for Windows (Windows, GraphPad Software, La Jolla, CA, United States). Statistical analysis of RNAseq data was conducted using the Qlucore omics explorer v3.2 software (Qlucore AB, Lund, Sweden). Microsoft R Excel R 2013 (Microsoft Corporation, Mountain View, CA, United States) was used to construct a heat map based on fold change values of differentially expressed genes (p < 0.05). Statistical difference in eye diameter/body length % between groups were tested in R with one-way ANOVA using the Tukey-Kramer multiple comparison test.
RESULTS
Quantification of Retinoids in Pooled Whole Larvae Homogenates
While most of the retinoids were in the form of retinal in the 1 dph larvae and very little as retinol (Figure 2) , this changed in the 18 dph larvae showing higher levels of retinol. Altered levels of retinoids were observed following continuous and pulse exposure to crude oil during embryogenesis (Figure 2A) . Both the Pulse exposure and Low exposure caused significant increase (p < 0.05) in retinol levels in the larvae 3 days after exposure had ended and the embryos had been transferred to clean water. Due to high mortality in the High exposure group, samples for retinoid analyses were therefore not available. No difference (p > 0.05) was observed in retinal levels between the embryo exposed groups at this point. Both retinol and retinal was significantly modulated compared to Control in larvae exposed after hatching ( Figure 2B ). While crude oil exposure caused an increase in the retinol levels, the retinal levels were decreased.
In the embryo experiment, retinoic acid levels were increased in the Low exposure group but not in any of the exposed groups in the larvae experiment (Figure 3) . Both 13-cis retinoic and 9-cis retinoic acid were below the detection limits of 10 and 2 ng/g, respectively. The detection limit for 13-cis retinoic acid was set at 10 ng/g due to an unidentified interfering component. No differences in total levels of retinoids (retinol + retinal + retinoic acid) were observed between the groups when summing up all analyzed retinoids in the present experiment (Figure 4) . FIGURE 2 | Modulation of retinoid levels in haddock embryo and larvae exposed to crude oil. All-trans retinol (ng retinol/g ± STD) and all-trans retinal (ng retinal/g ± STD) levels were measured in (A) 1 day post-hatch (dph) haddock larvae exposed during the embryo stage (2-10 days post-fertilization) and (B) 19 dph larvae exposed during the larvae stage (0-18 dph). Both embryo and larvae were exposed to different levels of crude oil; Control (C), Pulse (P), Low (L), and High (H). The Low and High group were continuously exposed while the Pulse group was exposed for 2.4 h in a 24-h period repeatedly. Asterisk indicate statistical significance ( * p < 0.05, * * p < 0.01).
Frontiers in Marine Science | www.frontiersin.orgFIGURE 3 | Modulation of all-trans retinoic acid (atRA) in crude oil-exposed haddock larvae. atRA levels (ng atRA/g ± STD) were measured in 1 day post-hatch (dph) haddock exposed during the embryo stage (2-10 days post-fertilization) and in 19 dph haddock exposed during the larval stage (0-18 dph). Both embryo and larvae were exposed to different levels of crude oil; Control (C), Pulse (P), Low (L), and High (H). The Low and High group were continuously exposed while the Pulse group was exposed for 2.4 h in a 24-h period repeatedly. Asterisk indicate statistical significance ( * p < 0.05).
FIGURE 4 | Total amount of retinoids ± STD (retinol + retinal + retinoic acid) in crude oil-exposed haddock larvae. Retinoids were measured at 1 day post-hatch (dph) haddock exposed during the embryo stage (Embryo) 2-10 days post-fertilization and in 19 dph haddock exposed during the larval stage (Larvae) 0-18 dph. Both embryo and larvae were exposed to different levels of crude oil; Control (C), Pulse (P), Low (L), and High (H). The Low and High group were continuously exposed while the Pulse group was exposed for 2.4 h in a 24-h period repeatedly.
Expression of Genes Related to Retinoid Metabolism
Differential expressed genes (DEGs) involved in retinoid metabolism was determined at several time-points during the two experiments. For the embryo experiment, gene expression was measured from 24 h after exposure start (3 dpf) until 3 dph, 6 days after exposure ended. For the larvae exposure, gene expression was measured at 1 dph, 1 day after exposure start, until 18 dph at the end of exposure period. The heat map (Figure 5 ) indicates distinct differences in gene expression profiles between the two exposure regimes (Embryo and Larvae) following 600 µg oil/L (High) crude oil exposure. While 51 out of 68 DEG observations were counted as down-regulated in the Embryo experiment, only 5 out of 41 DEG observations showed down-regulation in the Larvae experiment. Very few of the investigated genes were differentially expressed (p < 0.05) in the other exposure groups (Supplementary Table S1 ).
Differential Expression of Genes Related to Retinoid Metabolism Following Embryonic Exposure
For the embryonic exposure group, none of the investigated genes were differentially expressed the first day following exposure start. Number of genes that were differentially expressed increased as the exposure experiment progressed. Interestingly, the differential expression of several of the genes involved in retinol metabolism and signaling was still evident 6 days after the eggs had been transferred to clean water for hatching and further development. Aldehyde dehydrogenase 1 family, member a1 (aldh1a1) showed even stronger down-regulation as the experiment progressed, peeking several days after transfer to clean water.
There were also clear differences in regulation of several genes during exposure (2-10 dpf) compared to post-exposure (0-3 dph). Although, the exposure was ended at 10 dpf, there was a continued exposure at 11 dpf due to remaining oil droplets bound to the eggshell. Genes coding for key enzymes which catalyzes the conversion of retinal to retinol such as dehydrogenase/reductase 3 (dhrs3) was up-regulated post-exposure, while the gene encoding the protein catalyzing the conversion of retinol to retinal, retinol dehydrogenase 10b (rdh10b), was up-regulated in the during exposure and down-regulated post-exposure. Two possible homologous genes encoding rdh10 have been identified in haddock, of which one rdh10a did not show any differential expression between High dose and control. Two homologs were also found for all-trans-retinol 13,14-reductase (retsat) and lecithin retinol acyltransferase (lrat).
In the High group, cyp26a1 showed down-regulation at 6 and 10 dpf during exposure and up-regulation post-exposure (0 dph (hatch) and 3 dph) in the Low exposure group (p < 0.05) (Figure 6 ). Cyp26a1 tended also to be increased in the High group (p < 0.07) post-exposure.
Differential Expression of Genes Related to Retinoid Metabolism Following Larvae Exposure
Similar as during the embryo exposure, genes related to retinol metabolism such as retsat, lrat, and rdh10 were up-regulated in larvae (Figure 5) . Different from during embryo exposure, BetaCarotene 15,15 -Monooxygenase 1 (bcmo1) and cyp26a1 were both up-regulated and no differential expression was observed for aldh1a1.
Effects on Eye Size and Deformities
Eye diameter (Figures 7A,C) and eye/length ratio (eye diameter divided by the standard length of the larvae) (Figures 7B,D) were measured in 3 dph haddock larvae exposed during the embryonal period (Embryonal exposure) and in 9 dph haddock larvae exposed during the larval stage. Reduced eye diameter was observed for all the exposure groups. However, when the eye diameter was normalized using total length of the larvae, effects of crude oil exposure on eye/length ratio were FIGURE 5 | Significantly differentially expressed genes (p < 0.05) related to vitamin A homeostasis in haddock larvae and embryo following 600 µg oil/L (High) crude oil exposure. Blue colors suggest down-regulation while red color suggests up-regulation. Fold change is given for each significant reading (p < 0.05). Two exposure experiments were conducted of which one group were exposed during the embryonic stage (Embryo exposure) 2-9 days post-fertilization (dpf) and one group during the larval stage (Larvae exposure) 0-18 days post-hatch (dph). 0 dph is defined as just after hatching at 14 dpf.
only observed in the Low and Pulse group compared to Control in haddock exposed during the embryonal period. No differences were observed for the 9 dph haddock exposed during larval period. The variation in ratio was also notably larger in the High embryo exposure group compared to the Low and Pulse group. FIGURE 6 | Expression of cyp26a1 in haddock exposed during the embryonic period. Data was derived from the RNA-seq analysis. Both embryo and larvae were exposed to different levels of crude oil; Control (C), Pulse (P), Low (L), and High (H). The Low and High group were continuously exposed while the Pulse group was exposed for 2.4 h in a 24-h period repeatedly. Asterisk denotes significant differential expression between groups (p < 0.05) following Qlucore Omics differential expression analysis.
Presence of eye deformities and irregularities were observed in embryo exposed to crude oil. Three phenotypes were observed in addition to the normal state (no phenotype) (Figure 8 and Table 2 ). While 95% of the Control group had no abnormal eye morphology, 59% of the High and 58% of the Low group showed abnormal eye morphology. Protruding lens was the most prevalent phenotype in both the High (42%) and Low group (34%). The Pulse group seemed less affected.
DISCUSSION
Disruption of Retinoid Metabolism
Exposure to off-shore crude oil resulted in a marked disruption of retinoid signaling and metabolism following exposure during both the embryonic stages and during early larvae development in haddock. Increased retinol levels were observed in all exposure groups. In addition, decreased retinal levels were observed in the High exposure larvae group. The present findings suggest that crude oil exposure shunts the retinoid metabolism toward retinol following embryonic and larval exposure (Figures 9A,B) . This is further supported by the gene expression data which shows increased dhrs3 and decreased rdh10b pointing toward increased reduction of retinal ( Figure 9A ). Both enzymes encoded by these genes are key regulators of retinol metabolism acting as important safe guards against excessive levels of retinoic acid.
Exposure During Embryogenesis Caused Post-exposure Effects on Retinoic Acid Signaling
In addition to increased levels of the parent compound, we observed increased levels of the retinoid metabolite atRA in the haddock exposed during embryonal development. Retinoic acid is regarded as a potent nutrient hormone with teratogenic potential [reviewed by Ross et al. (2000) ] and the tissue concentration act as a signal to individual cells modulating gene expression, cell function and limb patterning (Ross et al., 2000; Niederreither et al., 2002; Pan and Baker, 2007) . Thus, disruption of atRA signaling can have detrimental effects on the developing embryo in both mammals (Ross et al., 2000) and fish (Takeuchi et al., 1998; Haga et al., 2002 Haga et al., , 2003 . The disruption of retinoid homeostasis and signaling was also evident when looking at the gene expression data. The increased expression of cyp26a1 at hatch and 3 dph supports the results showing increased atRA levels post-hatch following crude oil exposure during the embryonal period. This key enzyme is directly regulated by atRA through positive feedback mechanism in both fish and mammals (Thatcher and Isoherranen, 2009; Lie and Moren, 2012) . The expression patterns of bcmo1, aldh1a1, dhrs3, and rdh10b further supports the observed increase in retinoic acid post-exposure ( Figure 9A) . They are all regulated through feedback loops in order to control the levels of the potent nutria-hormone atRA (Elizondo et al., 2000; Strate et al., 2009; Feng et al., 2010; Lobo et al., 2010) . Strict local regulation of atRA is crucial for normal development of both heart and craniofacial structures (Ross et al., 2000) . The present results indicate that the feedback machinery is trying to counteract the increased retinoic acid levels post-exposure ( Figure 9A) . In contrast to the embryo exposure study, no significant changes in atRA levels were observed following exposure during early larval stages. This probably reflects the difference in sensitivity of the embryonic stage vs. the larval stage. In line with this, a recent parallel study focusing on heart and skeletal defects (Sorhus et al., 2017) , showed that haddock was more vulnerable to crude oil exposure during the embryonal period compared to the larval period.
Gene Expression Indicate Decreased Retinoic Acid Signaling in Embryos During Exposure
It was originally hypothesized that an increase in cytochrome P450 enzymes (i.e., CYP1A, CYP1B, and CYP2B) following crude oil exposure, as observed in the present study, could cause increased unspecific atRA hydroxylation with subsequent decrease in atRA levels (Berntssen et al., 2015 (Berntssen et al., , 2016 . Although we observed an increase in atRA post-exposure rather than a decrease, atRA was not measured during the actual exposure period in the embryo group. However, the down-regulation of cyp26a1 during exposure, indicates reduced atRA levels during the embryonal exposure at 6-10 dpf. This is also supported by the strong up-regulation of rdh10b ( Figure 9A ) and the downregulation of retinoic acid receptor b (rarb), both regulated by retinoic acid (Strate et al., 2009; Topletz et al., 2015; Shabtai et al., 2018) . Similar to the present study, cyp26a1 was down-regulated in conjunction with up-regulation of cyp1a in Atlantic cod larvae exposed to mechanically dispersed crude oil in a previous study [in Supplementary Files, Olsvik et al. (2012) ]. Regulation of CYP26 enzymes have been shown to FIGURE 7 | Effects of oil on eye diameter (A,C) and eye diameter measured as % of length (Eye/length %) (B,D) of haddock larvae exposed to crude oil. Eye size was measured at 3 days post-hatch (dph) for the haddock exposed at the embryo stage 2-10 days post-fertilization (A,B) and at 9 dph for the haddock exposed during the larvae stage 0-18 dph (C,D). Both embryo and larvae were exposed to different levels of crude oil; Control (C), Pulse (P), Low (L), and High (H). The Low and High group were continuously exposed while the Pulse group was exposed for 2.4 h in a 24-h period repeatedly. Different letters denote statistical significance difference (p < 0.05) according to Tukey-Kramer's multiple comparisons test.
be a key mechanism forming the morphogen atRA gradient necessary for limb patterning during embryonic development (White and Schilling, 2008) .
Crude Oil Exposure Affect Eye Development in Embryos but Not Larvae
A reduction in atRA levels with subsequent disruption of retinoid signaling at 6-10 dpf could also be a contributing factor to the observed eye deformities and reduced eye size in the High and Low embryo exposure group of the present study. Retinoids have derived their name from the retina of the eye and plays a key role in both eye development and function (Saari, 2016) . The large variation in eye diameter ratio in the High embryo exposure group is most likely related to the gross developmental defects observed in this group (Sorhus et al., 2016b) . In the present study, crude oil exposure increased incidence of developmental abnormalities of the eye, especially related to protruding lens in the High and Low embryonal exposure group. Similar effects on eye development has been demonstrated following disruption of atRA production at critical time points during eye development in zebrafish (Le et al., 2012) . Two hour inhibition of atRA production induced microphthalmia (reduced eye ball size), retinal abnormalities, irregular eye shape, reduced pigmentation and severe cardiac edema in zebrafish embryos. Similar phenotypes including cardiac edema and craniofacial abnormalities was also observed in crude oil exposed fish from the present study [cardiac edema and craniofacial abnormalities has been presented previously (Sorhus et al., 2016b (Sorhus et al., , 2017 ]. Also excess of RA could have damaging effect on eye and limb development (Alsop et al., 2004; Rydeen and Waxman, 2014) . The effects on eye development was also evident from the gene expression data showing effects on eye-related retinoid signaling especially in the embryo group. Genes such as rdh8, rdh10, ATP binding cassette subfamily A member 4 (abca4), stimulated by retinoic acid (stra6) and Retinal pigment epithelium-specific 65 kDa protein (rpe65), which are crucial for the visual cycle and eye development, were all affected by crude oil exposure. Although many of the retinol dehydrogenase (RDH) enzymes are present in many tissues and cell types, RDH8 expression is limited to the retina (Kiser et al., 2012) Reduction of atRA with subsequent downregulation of genes related to eye development, could be part of the disruptive effects causing the observed eye abnormalities. Especially the downregulation of stra6. STRA6 is a key transporter of which mutation has been previously linked to microphthalmia and heart defects in mammals (Golzio et al., 2007; . Morpholino knock down of stra6 in zebrafish embryos led to multiple developmental disorders such as microphthalmia, curved body axis, cardiac edema and craniofacial defects (Isken et al., 2008) .
Interestingly, the Pulse group had fewer individuals with protruding lens compared to the Low and High group. This coincides with both atRA not being elevated in Pulse and only in the Low group (High was not measured) and that Pulse did not affect cyp26a1 expression. This indicates that Pulse exposure affect the retinoid and eye development differently to continuous dosing and it supports the link between changes in atRA and abnormal eye development following crude oil exposure.
A recent study on Atlantic cod showed that starvation had a big impact on the adverse outcome of crude oil exposure (Hansen et al., 2016) . Whether this was caused by impaired vision was not investigated. However, observed effects on eyesight from the present study could have severe consequences for the prey capturing success of the larvae, which in turn would affect the chance of survival for the individual. The Pulse and Low group fish were exposed to 0.7 µg/L PAH. This concentration is environmentally relevant in relation to what have previously been measured following major oil spills like the Exxon Valdez spill in Alaska (Boehm et al., 2007) and the Deepwater Horizon spill in the Gulf of Mexico (Diercks et al., 2010) .
No Indication of Retinoid Depletion Following Crude Oil Exposure
Despite a clear disruption of retinol homeostasis in both groups exposed to crude oil, there were no apparent differences in total retinoid levels between the High, Low and Control when summing up the measured retinol metabolites. This suggests that the strong cyp1a induction did not cause a depletion of total retinoids as we initially hypothesized, at least not following short term exposure. Long term feeding of adult zebrafish to 150 mg BaP per kg feed reduced total retinol levels and retinal levels compared to Control after 100 and 200 days of feeding, respectively (Alsop et al., 2007) . A depletion of vitamin A levels was also demonstrated in Atlantic salmon following long term oral BaP exposure (Berntssen et al., 2016) . In both studies the authors observed a negative effect on esterification. Alsop et al. (2007) demonstrated a complete depletion of the esterified retinoids after 260 days of BaP feeding, while Berntssen et al. (2016) observed decreased lrat expression indicating a reduction in the esterification potential. LRAT together with DGAT convert retinol to retinyl esters. In the present study, lrat was only found to be up-regulated at one point during the embryo and larvae exposure, contrasting the findings in salmon but similar to the effects observed following dioxin exposure of male rats (Rattus norvegicus) (Hoegberg et al., 2003) . It should be noted that the retinyl esters, the most common liver storage form, FIGURE 9 | A simplified overview of how crude oil disrupts retinoid signaling in (A) 1 dph Atlantic haddock following embryo exposure (0-10 dpf) and (B) 18 dph haddock following larvae exposure (0-18 dph). Solid colored boxes represent retinoids analyzed in the present paper, open boxes represent retinoids in the pathway but not analyzed in the present paper. Black arrows represent direction of the enzymatic reaction. Red and green arrows represent up and down regulation, respectively of genes coding for retinoid metabolizing enzymes in the present study; all-trans-retinol 13,14-reductase (retsat), lecithin retinol acyltransferase (lrat), short-chain dehydrogenase/reductase 3 (dhrs3), dehydrogenase/reductase 4 (dhrs4), retinol dehydrogenase 10 (rdh10), beta-carotene 15,15-monooxygenase (bcmo1), aldehyde dehydrogenase 1a1 (aldh1a1), cytochrome p450 family 26 subfamily a member 1 (cyp26a1). Colored letters represent differentially regulated genes. Dotted arrows represent feedback mechanisms for cyp26a1 (Thatcher and Isoherranen, 2009 ), aldh1a1 (Elizondo et al., 2000) , bcmo1 (Lobo et al., 2010) , rdh10 (Strate et al., 2009; Shabtai et al., 2018) , dhrs3 (Feng et al., 2010) . The general pathway was generated based on Napoli (2016).
were not measured in the present study. However, previous studies have shown that retinyl esters are not detected in fish eggs (Alsop et al., 2007) and the dominating retinoid is retinal (Costaridis et al., 1996; Lubzens et al., 2003; Alsop et al., 2007) , in line with our results seen in newly hatched larvae. While the average retinal levels in the Control group were stable between 3 and 18 dph, retinol was increasing. Thus, the present data suggests that depletion of retinoids following crude oil exposure is not the biggest concern for cod embryo and larvae but rather the disruption of retinoid signaling.
CONCLUSION
This study shows that levels of crude oil equivalent to an oil spill is capable of disrupting the vitamin A signaling, affecting gene expression and eye development in developing haddock embryos. It also shows that the mechanisms do not necessarily involve depletion, but rather a direct effect on the vitamin A homeostasis and the active metabolite atRA. The effects on embryonal retinoid signaling persisted several days after exposure. Despite crude oil exposure during embryonic and larval development display similar effects on retinol levels, there is a striking difference in expression of retinoid related genes between the two exposure regimes. The observed effects on eye development may also be associated with disrupted retinol metabolism in the exposed embryos and possibly linked to developmental abnormalities as observed in other studies. We still need more knowledge on the dynamics affecting the retinoic acid and retinol levels in fish larvae during and after crude oil exposure. In addition, the effect on retinyl esters during early development needs clarification.
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